It has been shown (Owen, 1948 a, b) that thyroxine increases the percentage of phosphorus in cow milk without affecting the percentages of nitrogen or calcium. Experiments were therefore planned (for preliminary reports see Chanda & Owen, 1949a, b) with the object ofpartitioning the phosphorus in the milk of cows treated with thyroxine to find out whether any particular type of phosphorus compound was responsible for the increase. In the earlier experiments (Owen, 1948a, b) thyroxine decreased the positivity of the balance of nitrogen. It also increased the negativity of the balance of calcium so that more calcium was lost in the faeces than was present in the food and some of the calcium in the faeces must have come from skeletal stores. Under these conditions the paradoxical observation was made that thyroxine caused the lactating cow to retain phosphorus more avidly so that metabolism of phosphorus followed neither metabolism of nitrogen nor that of calcium. The results of the present experiments help to explain this.
To throw into greater relief any chemical differences between the milk of control cows and of those receiving treatment with thryoxine, a third group of cows was treated with the antithyroid drug, thiouracil. EXPERIMENTAL Two experiments were made, the first with three cows and the second with five. In each experiment cows in midlactation and with comparable milk yields were chosen. Lactating cows treatedwith thyroxine show a progressive and readily reproducible decrease in the concentration of phosphatase in the milk (Folley & White, 1936; Owen, 1948a) . Phosphatase concentration in the milk increases with advancing lactation. In the present experiments, therefore, cows were chosen with dates of calving as near as possible to one another so as to give approximately equal initial concentrations of phosphatase in their milks.
When these experiments were envisaged we had no knowledge of the effects ofinjecting thiouracil into lactating animals of any species. It was known, however (Owen, 1948a) , that 10 mg. approached the maximum safe dose of thyroxine for a lactating cow. By comparison with this injected amount, the amounts of thiouracil 100-500 mg. (British P-harmaceutical Codex, 1949) given by mouth to human patients suffering from toxic goitre appeared huge. It was therefore decided to use the phosphatase titre of the milk to compare the relative potencies of thiouracil and thyroxine. In both experiments the phosphatase was determined routinely on the milk. In Exp. 1 the effect of 10 mg. thiouracil/day was compared with the effect of 10 mg. thyroxine. In each experiment the design was the same. A period of 3 weeks, during which hormonal treatment was given, was preceded by a control period and succeeded by a recovery period. The composition of the milk during treatment could therefore be compared with the composition of the milk of the same cow before and after treatment, and simultaneously with the milk from an untreated cow. All the cows were identically managed. Milkingwas done bymachineinthe milkingparlour attached to the dairy, and at every second evening milking a sample of milk (1 1.) was taken from the recorder vessel for analysis. Partitions of N and of P were determined throughout the experiments. The amounts of fat, lactose, total solids and certain other constituents in the milk were also determined and will be discussed in a subsequent communication.
Method8 of antlysi8
P partitions were determined by a slight modification of the method of Graham & Kay (1934) . P was estimated by the method of Fiske & Subbarow (1925) , using a Spekker photoelectric absorptiometer. The blue colour was allowed 20 mm. to develop.
Total P. An accurately weighed sample of milk was diluted with water to 10 vol. and 3 ml. of the resulting mixture were digested as described by Horecker, Ma & Haas (1940) . The digest was neutralized and then diluted to 100 ml. P was determined in the resulting solution by the method of Fiske & Subbarow as described by Hawk, Oser & Summerson (1947) .
TotalW acid-soluble P. Into a 50 ml. volumetric flask 5 ml.
milk were weighed and diluted to 25 ml. with distilled water.
The contents were made to the mark with 25 % (w/v) trichloroacetic acid previously cooled to 4-5°. After 5 min. the contents were filtered. P was determined in 3 ml. of the filtrate after digestion as described under 'Total P'. Inorganic pho8phate. Inorganic phosphate was precipitated from 15 ml. of the filtrate from the preceding estimation contained in a 50 ml. centrifuge tube and neutralized to phenolphthalein (pH 8-9) with saturated Ba(OH)2. After addition of 2 ml. 20 % barium acetate the tube was left in the ice box for 20 min. prior to being centrifuged. The supernatant liquid was discarded and after the precipitate had been washed once with 10 ml. 1% barium acetate the phosphate in it was dissolved by addition of 1 drop of conc.
H2SO4 and the contents of the tube were made to volume in a 50 ml. measuring flask. P was determined in the resulting solution as before. As a technical check inorganic P was I95I EFFECT OF THYROXINE AND THIOURACIL ON MILK determined directly in the trichloroacetic acid filtrate. Table 1 demonstrates the agreement of the two methods.
Lipid P. Lipid P was extracted by ether-ethanol mixture (Hawk et al. 1947 ) and then determined, after evaporation of the ether-ethanol, exactly as for total P. Ester P. This was calculated from the difference between the inorganic P and the total acid-soluble P.
Casein P. This was calculated from the equation Casein P =total P -(total acid-soluble P +lipid P). It was possible to check the reliability of the methods for ester P and casein P by other independent methods. The casein method was checked by direct precipitation of casein Partition of N. To obviate the necessity of washing any precipitate, the various protein fractions were determined from analysis ofN in filtrates only, pipettes being calibrated for delivering solutions saturated with salt. Globulin was determined by the difference between casein, precipitated with acetate buffer as described by Rowland (1938) , and casein +globulin precipitated as described by Elsdon & Walker(1942) . Otherproteinprecipitationswere carried out exactly as described by Rowland (1938) . The total N in each filtrate was determined by micro-Kjeldahl using the WagnerParnas still. When digesting the filtrate with H,SO4 a mixed catalyst as mentioned under 'Total N' was used except for the filtrate from the albumin +globulin precipitation, which was so rich in MgS04 that a catalyst containing only CUSO4 and Se was used, the MgS04 itselfserving to raise the boiling point of the H3S04. NH, was trapped in 2 % H.B0. and titrated directly with 0-02 N-H2504.
RESULTS

Estimation of equivalence of responses of phosphatase to thiouracil and thyroxine
There is only speculation about the exact manner in which thiouracil inhibits thyroid activity (Andik, Balogh & Donhoffer, 1949) . The toxic dose of thiouracil was not known, but it was assumed in Exp. 1 that 10 mg. thiouracil would produce a measurable response. Of the three cows compared, cow 2 received by subcutaneous injection 10 mg. thyroxine/day just after the afternoon milking, cow 3 received 10 mg. thiouracil, while cow 1 acted as an untreated control. The effects of these treatments on the phosphatase in the milk are shown in Fig. 1 . The phosphatase figures for cow 2 diminished rapidly while a slight rise was shown by the VoI. 50 untreated animal. As was expected the phosphatase of the cow receiving thiouracil increased but at only about half the rate at which that of the thyroxinetreated cow decreased. On cessation of the treatments both effects were reversed, so that all three animals came to have comparable titres. As the rate of increase of the phosphatase titre of the milk of cow 3 was about half the rate of decrease shown by the thyroxine animal, the thiouracil dose used in Exp. 2 was doubled (20 mg.). Fig. 2 shows that the effect of this doubling was to produce rates of increase of phosphatase in the two thiouracil animals which were equal to the rates of decrease of phosphatase in the two thyroxine animals. Further- more, as in Exp. 1, in all five animals the phosphatase titres approached the titre of the milk of the control cow as the effects of the drugs wore off. On the basis of these experiments it was assumed that, in respect of its power to change the phosphatase titre, 20 mg. thiouracil is equivalent in its effects to 10 mg. thyroxine. These doses have been used in subsequent experiments to be reported in later papers.
The effects of the drugs on phosphatase titre have been numerically analysed in Table 3 . The data in the first column were obtained from straight lines fitted by the method of least squares to the phosphatase titres of the treatment periods shown in Figs. 1 and 2. The second column represents the intercept of the line of the first column on the phosphatase axis, i.e. it is a corrected initial titre of phosphatase. The figure for the control animals in the first column ofeach experiment shows the change of phosphatase which occurred in the untreated animal. The data in Table 3 , control; Li-l0, cow 6 (thyroxine, 20 mg./day); * ---*, cow 5 (thyroxine 10 mg./day).
Varwation8 of phosphata8e throughout one day of treatment Throughout these experiments the time of injection was immediately after the evening milking, and to investigate the phosphatase content of the milk throughout 1 day the five cows in Exp. 2 were milked as usual on the 15th evening, and the four experimental cows were given their usual injections. Fig. 3 . Since the treatments were well advanced the phosphatase titre of the control animal was always less than that of the thiouraciltreated pair and always greater than that of the thyroxine-treated pair. There was a small initial increase in the phosphatase in the thyroxine and control animals, probably because milk collected at so short an interval after milking is very rich in fat, Fig. 4 , which also shows the percentages of fat, nitrogen and phosphorus in the milk and the percentage of the nitrogen contributed by casein. Similar data from a control cow are included. The response of the milk yield to thyroxine is typical. A noteworthy feature is the diminution of yield caused by thiouracil. There is a marked contrast between the constancy of the total phosphorus in the milk of the untreated animal and either (a) its increase whenthyroxine is given, or (b) its decrease by thiouracil. Partition of nitrogen Treatment with thyroxine did not affect either the total nitrogen in the milk or the percentage of casein nitrogen in the total nitrogen (Fig. 4) . The effects of the drugs on the partition of nitrogen were investigated. The nitrogen partition (Table 4) shows that neither thyroxine nor thiouracil affected the partition of nitrogen between casein, albumin, globulin, proteose-peptone and non-protein nitrogen. There was no trend in the individual figures to suggest any definite effect of the drugs on the partition of nitrogen. This finding agrees with thos.e of Van Landingham, Hyatt & Weakley (1946) and Booth, Elvehjem & Hart (1947) , who partitioned the VoI. 50 Table 4 . Partition of nitrogen in milk from three cows given no drug, thyroxine and thiouracil respectively N/P 6-8 7-0 6-4 5-5 6-2 7-6 6-2 6-4 6-8 5-9 6-1 5-3 5-5 6-2 5-8 6-9 * 'Maximal response' denotes the smallest value of N/P produced by thyroxine and the largest value produced by thiouracil. nitrogen in the milk of cows receiving iodinated casein. The lack of change of the partition of nitrogen is in marked contrast to the simultaneous effects on phosphorus partition about to be described.
From Fig. 4 it can be concluded that thyroxine and thiouracil affected the ratio of total nitrogen to total phosphorus in the milk. Numerical values recorded in Table 5 show plainly that the N/P ratio which in normal circumstances appeared to average about 6-3: 1 can be decreased by thyroxine to 5: 1 and increased by thiouracil to 7:1.
Partition of phosphorus
The partition of phosphorus is shown in Table 6 and in Fig. 5 . Table 6 shows the content of total phosphorus in the milk and its partition between inorganic phosphate, ester, lipid and casein. Averages only are recorded, and for comparison the average phosphatase titre is also shown. Comparison with Fig. 5 , in which individual two-daily data for three typical cows are graphed, serves to show that the magnitudes of the hormonally induced changes of the partition of phosphorus are very inadequately represented by the averages in Table 6 . The results in Fig. 5 and Table 6 confirmn the earlier observation made by one of the present authors (Owen, 1948b ) that thyroxine notably increases the percentage of phosphorus in the milk. In Figs. 4 and 5 and Tables 5 and 6 the new observation is recorded that thiouracil produces the reverse change, i.e. markedly reduces the percentage of total phosphorus in the milk. The milk ofthe control animals became richer in phosphorus as lactation advanced. Thyroxine enhanced while thiouracil inhibited this tendency (Table 6 ).
The most notable change shown in both Fig. 5 and Table 6 is that ester phosphorus was markedly increased by thyroxine and decreased by thiouracil. Lipid phosphorus changed in the same way but not so markedly. In Fig. 5 Ester Lipid 10*6 10*0 9-2 10-0 14-6 9-3 7-6 6-5 7.9 8-9 8-5 6X4 10-2 17-5 11X5 9X8 14'7 9*6 9.5 6*1 6.6 10-0 5.5 7*1 (Table 5) was thus altered by either treatment. There is reason to believe that this ratio (N/P) is characteristic of the species. In cow milk it is only 6: 1 whilst in human milk it is 20:1 (Chanda, Owen & Cramond, 1951) . Even after treatment with thiouracil the N/P ratio of cow milk (7: 1) is still much smaller than that of human milk.
It is known that ester phosphorus in milk acts at a suitable pH as a substrate for milk phosphatase. The present results, therefore, show that in milk the enzyme phosphatase is inversely correlated with its substrate. The part this phenomenon plays in mammary secretion is conjectural. It is noteworthy, however, that, as ester phosphorus increases, both lipid and casein phosphorus increase, partly at the expense of the inorganic phosphorus ( Fig. 5 and Table 6 ). These observations are therefore consistent with current theories of biochemical phosphorylation, in which it is supposed that inorganic phosphate passes by way of ester phosphorus into the more complex phosphate esters found in fat and protein (Zilversmit, Entenman & Chaikoff, 1948; Popjak & Muir, 1950 (Owen, 1948b) . That thyroxine induces large losses of calcium from the body is well known. Hunter (1930) showed this in man, Parhon & Derevici (1932) in the dog, Blaxter (1948) in the sheep and Owen (1948b) in the lactating cow. It is known from work on dogs and rats (Kleiner, 1948) with phlorrhizin (which inhibits phosphorylation in the kidney) that the retention of phosphate and glucose by the kidney is due to the phosphorylation of glucose in that organ, and the classical division by Lusk (1928) of amino-acids into glucogenic and non-glucogenic was based on experiments with such phlorrhizinized dogs. It may well be that thyroxine increases the concentration of phosphorylase in the gut thus favouring the retention of phosphorus. Such an explanation makes it necessary, however, to postulate quite different conditions in the mammary gland which secretes phosphoric esters in greater amounts at the same time as its output of phosphatase decreases. It has been shown by Houston, Kon & Thompson (1940) and by Chanda, McNaught & Owen (1949) that phosphorylated aneurin is closely correlated with phosphatase. Chanda et al. (1951) found a similar negative correlation between phosphorylated aneurin and phosphatase in human milk. In cows even protein-bound aneurin varies in the opposite direction to phosphatase during treatment with either thyroxine or thiouracil . With thiouracil, conditions in the mammary gland are such that more phosphatase appears in the milk. This observation makes it unlikely that phosphatase in milk is a 'leakage'product, for with thiouracil the escape of a smaller molecule (phosphorylated aneurin) ) is inhibited, while that of a larger one (phosphatase) is facilitated. Even a molecule so small as acetic acid does not appear in the milk as such in spite of its presence (McClymont, 1949) in ruminant blood and in the glycerides of ruminant milk fat (Achaya & Hilditch, 1950; French, Hunter, Martin & Popjak, 1951) . A leakage hypothesis is hardly compatible with the correlations between phosphatase and the various phosphorus fractions reported in the present paper.
The changes produced by thyroxine and thiouracil in the present experiments imply that the phosphorus content of casein is affected by thyroid activity. This may, therefore, account for the difficulty of preparing casein of constant phosphorus content (Elsdon & Walker, 1942; Associates of Rogers, 1935) . SUMMARY 1. The main results on cow milk of thyroxine and thiouracil injections were: (i) thiouracil increased the phosphatase titre; (ii) comparison of the rates of change of phosphatase after thyroxine or thiouracil treatments showed that 20 mg. thiouracil gave an increase of the same magnitude as the decrease caused by 10 mg. thyroxine; (iii) milking at frequent intervals during 24 hr. showed that 2 hr. after a normal evening milking there is a pronounced maximum in the phosphatase titre of cows treated with thiouracil; (iv) neither thyroxine nor thiouracil affected the partition of nitrogen between casein, albumin, globulin, proteose-peptone and nonprotein nitrogen; (v) thyroxine increased while thiouracil decreased the content of phosphorus of the milk; (vi) thyroxine decreased while thiouracil increased the ratio of total nitrogen to total phosphorus in the milk; (vii) thyroxine increased ester phosphorus markedly and also increased lipid phosphorus and caused a transient increase in casein phosphorus, partly at the expense ofinorganic phosphorus; (viii) thiouracil affected the partition of phosphorus in the milk in exactly the opposite way to thyroxine.
2. (i) As a result of changes in phosphatase and phosphorus partition there were negative correlations between phosphatase on the one hand and ester phosphorus and lipid phosphorus on the other. Inorganic phosphate was positively correlated with phosphatase; (ii) large negative coefficients of correlation between ester phosphorus and phosphatase were found in untreated cows and in the experimental cows before treatment. These coefficients became larger under the influence of either drug.
3. It is suggested in the light of this and earlier experianents that the effect ofthyroxine in increasing the metabolic rate may be due to an increase of the phosphorylating enzymes in the tissues.
